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Abstract

This paper raises the question of what K-12 teachers need to know in order to teach mathematics
and science well. It begins by examining reform proposals for K-12 science and mathematics
teaching with an eye toward defining what "good" teaching practice consists of. It then examines
a wide range of literature to delineate the varieties of knowledge that have been associated with
this kind of teaching. While the focus is on subject matter knowledge, the paper addressed the
character of that knowledge rather than the content of that knowledge. Types of knowledge
identified in the literature include conceptual understanding of the subject, pedagogical content
knowledge, beliefs about the nature of work in science and mathematics, attitudes toward these
subjects, and actual teaching practices with students. The literature is incomplete with respect to
which of these is relatively more or relatively less important.

Although the United States does not have a national curriculum, many organizations are working
together to achieve an agreed-upon set of goals for science and mathematics teaching and
learning. Contemporary education leaders in general, and science and mathematics leaders in
particular, have distinct ideas about the best directions for K-12 science and mathematics
education and about teachers and teacher education that follow from these goals. This paper
examines these proposals and outlines the kinds of subject matter knowledge that teachers need
to learn during their higher education in science and mathematics. For the analysis that follows, I
am less interested in science and mathematics curriculum proposals than in science and
mathematics teaching proposals, for embedded in these proposals are indications of what future
science and mathematics teachers should be learning from their college-level science and
mathematics courses.

I shall review the national standards to determine what they define as good science and
mathematics teaching and then shall review the associated literature to derive some ideas about
what good science and mathematics teachers would need to know or think to teach in the ways
reformers demand.

iv
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Good Science and Mathematics Teaching as Defined by National Standards

The education field is subject to many fads, and what counts as a good idea varies over time and
across locations. At present, most people are persuaded that the key to educational improvement
lies in developing a coherent and integrated system for governing education, such that tests,
texts, licensing decisions, and other educational rules all are based on the same set of ideas.
These ideas have come to be called standards. Within mathematics, the National Council of
Teachers of Mathematics (NCTM) took the lead by defining both curricular standards and
professional teaching standards (1989, 1991). In science, there are at least two major statements
of standards, one from the American Association for the Advancement of Science (AAAS, 1993)
and one from the National Research Council of the National Academy of Sciences (1996).

Let's examine the standards for pedagogy that these organizations put forward to understand how
pedagogy relates to subject matter. Here I concentrate especially on standards for teaching
itselfnot for planning or evaluation, or for curriculum, but for the act of teaching science and
mathematics subjects. Here are statements of teaching standards from the three main science and
mathematics standard-setters.

Teaching Standard B: Teachers of science guide and facilitate learning. In doing this,
teachers

Focus and support inquiries while interacting with students.
Orchestrate discourse among students about scientific ideas.
Challenge students to accept and share responsibility for their own learning.
Recognize and respond to student diversity and encourage all students to
participate fully in science learning.
Encourage and model the skills of scientific inquiry, as well as the curiosity,
openness to new ideas and data, and skepticism that characterize science. (p. 32)

Teaching Standard E: Teachers of science develop communities of science learners that
reflect the intellectual rigor of scientific inquiry and the attitudes and social values
conducive to science learning. In doing this, teachers

Display and demand respect for diverse ideas, skills, and experiences of all
students.
Enable students to have a significant voice in decisions about the content and
context of their work and require students to take responsibility for the learning of
all members of the community.
Nurture collaboration among students.
Structure and facilitate ongoing formal and informal discussion based on a shared
understanding of rules of scientific discourse.
Model and emphasize the skills, attitudes, and values of scientific inquiry. (pp.
45-46)

National Research Council,
National Science Education Standards (1996)

AAAS included descriptions of a number of characteristics of good teaching about science.
engage students actively [in doing experiments, measuring, etc.]
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concentrate on the collection and use of evidence
provide historical perspectives
insist on clear expression
use a team approach
do not separate knowledge from finding out

deemphasize the memorization of technical vocabulary
welcome curiosity
reward creativity
encourage a spirit of healthy questioning
avoid dogmatism
promote aesthetic responses (pp. 201-204)
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American Association for the Advancement of Science,
Science for All Americans (1989)

Though there are some differences between these two sets of teaching standards, there are also
some similarities. Both encourage active learning, but AAAS's definition seems to imply that the
activity is physicalcollecting data, carrying out experiments, etc., whereas the NRC
emphasizes conversations in the classroom, suggesting that the activity is more intellectual than
physicalmore "minds-on" than "hands-on." Still, neither set of standards excludes the other;
they merely differ in their relative emphasis. Both want students working in teams, both want
them raising questions and exploring ideas for themselves, both want students to learn to
evaluate ideas using evidence. The pedagogy for science teaching, then, is one that actively
engages students in reasoning about scientific phenomena.

Now let's consider the NCTM standards.

3
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Standard 2: The teacher's role in discourse:
The teacher of mathematics should orchestrate discourse by

posing questions and tasks that elicit, engage, and challenge each student's
thinking;
listening carefully to students' ideas;
asking students to clarify and justify their ideas orally and in writing;
deciding what to pursue in depth from among the ideas that students bring up
during a discussion;
deciding when and how to attach mathematical notation and language to
students' ideas; . . .

monitoring students' participation in discussions and deciding when and how
to encourage each student to participate. (p. 35)

4



Standard 3: Students' role in discourse:
The teacher of mathematics should promote classroom discourse in which students

listen to, respond to, and question the teacher and one another;
use a variety of tools to reason, make connections, solve problems, and
communicate;
initiate problems and questions;
make conjectures and present solutions;
explore examples and counter examples to investigate a conjecture;
try to convince themselves and one another of the validity of particular
representations, solutions, conjectures, and answers;
rely on mathematical evidence and argument to determine validity. (p. 45)

National Council of Teachers of Mathematics,
Professional Standards for Teaching Mathematics (1991)

Like the science standards, the mathematics teaching standards emphasize a classroom in which
student are not being told, but instead are being asked. In fact, in both science and mathematics,
the tilt goes even further than simply asking students questions, toward encouraging students to
ask their own questions.

These various statements of standards differ in many of their details, but are remarkably similar
in their general tenor. For instance, two of the three sources put forward premises that are
worded identically: "What students learn is greatly influenced by how they are taught [emphasis
added]" (NCTM, 1991; NRC, 1996). This statement in itself is remarkable and represents an
important shift in thinking about science and mathematics teaching. In the past, the principal
tension in science and mathematics teacher education was how much time should be spent
learning the subject and how much should be spent learning pedagogy. Advocates for more
attention to subject matter assumed that good teaching depended largely on the teachers' ability
to correctly present the content. Advocates for more attention to pedagogy assumed that good
teaching depended on the ability to keep students orderly and attentive.

The statement that what students learn depends on how they are taught introduces a remarkable
new idea to educational thought: that the method by which one teaches a subject itself conveys
important information to students about the subject matter. How a subject is taught tells students
whether the subject is interesting or boring, debatable or authoritative, clear or fuzzy, applied or
theoretical, relevant or irrelevant, challenging or routine. Thus pedagogy is no longer defined as
a set of techniques that enable teachers to maintain discipline or to entice students to pay
attention, but instead is defined as integral to the substantive goals of teaching.

If teachers were to implement these standards, they would substantially decrease the
predictability of events within their classrooms. When students begin to pose their own
questions, raise their own hypotheses in response to their own or others' questions, and argue the
merits of their own or others' hypotheses using their own understanding of the evidence or of the
rules of inference, the range of ideas that may come up in class is unlimited. Moreover, some
ideas will be wrong, or at least inappropriate to pursue. Students may make inappropriate
analogies, generate questions or hypotheses that are beyond their capabilities to pursue, or

5

12



generate ideas that, if pursued, will lead them astray, down dead-end alleys or into trivial
pursuits. Roth (1989) noted that the questions her students had about biology were not questions
she was prepared to answer when she first completed her bachelor's degree. Students wanted to
know such things as whether blood is really blue, what caused hiccups, and how long it takes for
oxygen to get from the lungs to the toes. Teachers need to be able to respond to questions and
hypotheses that they might not have anticipated, provide students with guidance when they get in
over their heads, clarify confusions, and assure that misconceptions aren't perpetuated. Certainly
teachers are not expected to move in any direction students want to go, but to manage classroom
discussions of the sort reformers envision, teachers would need enough knowledge of the subject
to recognize which questions are likely to be fruitful and which are likely to be dead ends. That
in turn suggests that they must understand how the various ideas in a subject are interrelated and
which ideas are relatively more important than others. The standards are silent on how teachers'
judgments about fruitful or not-so-fruitful pursuits are to be made; presumably, these would be
based on teachers' understanding of the ideas on the table and their relationship to the ideas she
wants students to grasp.

To pull off this kind of teaching, then, teachers need a different stance toward mathematics and
science than many contemporary teachers apparently have. Evidence suggests that many teachers
present these subjects to students as vast collections of facts, terms, and procedures with little
connection among them. Moreover, they present these facts and procedures as if they were self-
evident givens that students should accept and remember without much thought. If teachers are
to engage students in reasoning about important ideas in these subjects, they must themselves
have a grasp of these ideas, and they must have a healthy respect for the difficulties of
developing and justifying knowledge in these fields. The nature of teachers' knowledge,
understanding, and/or attitudes toward these subjects has received considerable attention in the
literature of the past decade, as researchers and analysts have struggled to define the special
character of knowledge needed for teaching.

6
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Knowledge, Skills, and Attitudes Needed for Reform-oriented Science and Mathematics
Teaching

Interest in this new approach to teaching has led to extensive discussions about the kind of
knowledge teachers would need to teach in this way. Many authors have tried to define the
knowledge and skills needed for good teaching, and most attention has been on the character of
that knowledge rather than on the content per se. In my review of this literature on teacher
knowledge, I ignore literature having to do with such issues as classroom management, the
identification of handicapping conditions, the management of cultural diversity, and a number of
other aspects of teaching that may be important but are not necessarily linked to the teaching of
academic subject matter. I consider such articles only when the authors explicitly link these
issues to teaching academic subject matter.

Although knowledge of the subject matter is probably the most self-evident kind of knowledge
needed to teach, the amount of subject matter knowledge really needed to help children learn is a
contested issue. For those who believe the best source of knowledge is the curriculum materials,
not the teacher, the most important knowledge for teachers to have is the ability to read and
follow directions (see, e.g., Lawson, 1991). Some state assessments require teachers to know
only the subject matter actually covered by the curriculum, reasoning that this knowledge is
exactly what teachers will be teaching. However, if students can ask questions that extend far
beyond the formal curriculum, and if teachers must respond to those questions, teachers need
knowledge that goes far beyond the content officially being taught (Hilton, 1990). On the other
hand, one could also argue that teachers don't even need to know the content in the official
curriculum if they are able themselves to reason from evidence and make reasonable inferences.
Many parents manage to help their children with their homework without having much content
knowledge of their ownin fact, many parents choose to educate their children entirely at home.
They do this by studying the textbook themselves, trying to discern what it says, and then trying
to translate this for their children. Of course, most parents don't make decisions about what to
teach, and many are probably wrong in their inferences about what the most important points of
a lesson are. Still, if parents can succeed in their endeavorsand the home-schooling movement
suggests that many parents believe they canthen we have still a lot to learn about the
relationship between subject matter knowledge and teaching.

Separate from questions about the volume of knowledge needed to teach a subject is a growing
interest in the character of subject matter knowledge. As a starting point to this discussion, let me
introduce the term recitational subject matter knowledge, the kind of knowledge that has
traditionally been tested in achievement tests in the past. By recitational knowledge, I mean the
ability to recite specific facts on demand, to recognize correct answers on multiple-choice tests,
to define terminology correctly, and so forth. It is not clear that traditional science and
mathematics courses were really limited to recitational knowledge, but it is clear that this is what
most reformers think and it is clear that their aim is to extend classroom science and mathematics
instruction well beyond recitational knowledge. The term recitational knowledge, then, will be
used here to refer to the narrow type of straw-man outcomes that reformers believe dominate
traditional instruction.

7
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With respect to teachers' knowledge, there is a pervasive belief that recitational knowledge is not
sufficient to enable teachers to manage the type of inquiry-oriented classrooms described in the
standards. Instead, knowledge of a different character is needed. Listed below are several
distinctions that have been made regarding the unique character of subject matter knowledge
needed by teachers.

Conceptual Understanding of Subject Matter

Because the main goal of reformers is to instill a deeper understanding in students of the central
ideas and issues in various subjects and to enable students to see how these ideas connect to, and
can be applied in, real world situations, it therefore makes sense to require that teachers
themselves also understand the central concepts of their subjects, see these relationships, and so
forth. But what exactly is conceptual understanding? I have found at least five distinct ideas that
fall within the general idea of conceptual understanding. One notion of conceptual
understanding, for instance, is that we have the sense of size or proportion of things. Paulos
(1988), for instance, wants people to be able to grasp large numbers when they are used to
describe the size of a population or the size of the federal deficit, to be able to understand the
differences in risk associated with traveling via car or plane, and to understand the weather report
when it says there is a 50% chance of snow tomorrow. But Paulos is actually writing about the
kind of conceptual understanding he would like all lay citizens to have. Most writers who
address teachers' subject matter knowledge want much more than this.

The second definition of conceptual understanding, and one that is relatively widely recognized,
has to do with attending to central ideas in each subject rather than to its minutiae. The idea of
focusing on big ideas has been advocated by Prawat (1991, 1993), but is tacitly implied in many
of the standards above. One, for instance, specifically says teachers should "de-emphasize the
memorization of technical vocabulary." Researchers in science and mathematics higher
education have taken an interest in teachers' understanding of specific ideas, but the specific
ideas of interest are quite diverse. They include fractions (Khoury & Zazkis, 1994), diffusion and
osmosis (Odom & Barrow, 1993), mathematical functions (Evan, 1993), group theory (Dubinsky
et al., 1994), force and energy (Summers & Kruger, 1994), optical image formation (Galili &
Goldberg, 1993), and multiplicative relationships (Simon & Blume, 1994), among others.

The third meaning attached to the phrase conceptual understanding has to do with the
relationships among ideas in a discipline. Teachers (and others) should see that some ideas are
more fundamental than others, and that some are needed to justify others, that some encompass
others. The argument for understanding these relationships is twofold. First, if teachers are to
focus students' attention on the big ideas in a subject, rather than on its minutiae, they themselves
need to understand which ideas are "biggest," and they must have a deep understanding of these
ideas. Second, if teachers encourage discussions, and encourage students to generate their own
hypotheses and speculations, they need to be able to judge whether or not a student's idea should
be pursued. If teachers have an idea of what they are hoping students will figure out, and if they
know how various ideas connect to one another, they can also have a sense for whether an idea
that takes the class toward point A can eventually be used to bring students back to point B,
where the teacher wants eventually to be. Without knowing how the various ideas in a discipline
relate to one another, support one another, parallel one another, or subsume one another, teachers

8
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would have difficulty knowing whether students' questions and hypotheses will lead to greater
understanding or instead to confusion and dead ends.

One problem with this definition of conceptual understanding is that relationships among ideas
are often extremely subtle, and sometimes the nature of these relationships is not agreed upon
even by experts in the field. For instance, is natural selection a cause of evolution, a mechanism
for it, or necessary condition for it? Biologists argue about such questions themselves, and
similar disputes appear in other fields of science and mathematics as well. Given these disputes,
it would be difficult to define the specific relationships teachers should understand.

Researchers who are interested in teachers' understandings of the relationships have, however,
devised some interesting strategies for getting at these. One particularly popular idea is concept
mapping. Concept mapping consists of asking subjects to graphically show the main ideas in a
field and show the relationships among these various ideas. A map of "mammals" might include
land, air, and water domiciles, eating habits, reproductive systems, and so forth. Maps can be
scored for the number of concepts employed, the number of correctly defined relationships
among them, the number of branches, number of levels of hierarchies, and so forth. Some
researchers have also used concept maps as .a way of getting teachers to outline the domains they
believed they were teaching (e.g., Lederman et al., 1993; Shymansky et al., 1993). One problem
with concept maps is that they focus researchers' attention on things that teachers volunteer,
rather than on things teachers failed to mention. That an idea was not generated does not mean
the teacher is unaware of it, nor that the teacher would not know where to place it. At the same
time, the ideas that are missing from a concept map may be the ideas that are most muddled in
teachers' minds.

The fourth meaning sometimes attached to the phrase conceptual understanding is that
knowledge must be highly elaboratedthat is, an individual who has a strong understanding of
some domain is an individual who has knowledge of lots of details and lots of examples within
that domain. This idea has been most forcefully advocated by cognitive psychologists, who have
argued that understanding, reasoning, and problem solving are all dependent on detailed specific
knowledge. This point seems worth mentioning here, in part because it is often forgotten in
reform rhetoric: Most reformers have emphasized the fact that it is possible for someone to have
detailed recitational knowledge without any understanding of the central ideas. Less often
considered is the question of whether one can understand the central ideas without having a large
store of detailed knowledge. How could someone understand concepts of kingdom, phylum,
genus and species, for instance, without having specific knowledge of many species within these
categories and specific knowledge of why they were assigned their particular taxonomic
classifications? Can one understand arguments about the proper taxonomic classification of the
platypus, for instance, without knowing the most salient features of the platypus, and without
knowing the specific variables that are used to distinguish one species from another or one genus
from another? Reformers tend to avoid the problem of ensuring that teachers have extensive
detailed knowledge because they do not want to confuse this kind of knowledge with recitational
knowledge. The problem is that presence of extensive detailed knowledge does not necessarily
mean that the knowledge is organized into a framework that enables deep understanding. If it is
not, it is merely recitational.

9
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Perhaps because reformers have avoided discussion of elaborated knowledge, there is relatively
less literature on how elaborated teachers' knowledge is or should be in any domain. One could
argue, though, that concept maps include attention to detailed elaboration as well as to
conceptual relationships, in that researchers can score the total number of discrete ideas
volunteered in a concept map and can score the numbers of branches that are generated in a map.
To the extent that a teacher's concept maps include numerous nodes or numerous examples
within a node, one could say that the teacher's knowledge is both elaborated and conceptually
organized.

Finally, the term conceptual understanding is often used to refer to an ability to reason about
phenomena, develop arguments, solve real problems, and justify one's solutions. The evidence
shown in the video A Private Universe (Schneps, 1989), for instance, suggests that many college
graduates cannot determine how the movement of the earth contributes to seasonal climate
changes. Most graduates tried to attribute seasonal changes to the earth's orbit around the sun,
rather than to its tilt in relationship to the sun, and several drew very odd orbital paths as they
tried to generate an orbit that could account for seasonal climate changes.

Interestingly, although much of the literature on what K-12 students should be learning focuses
on reasoning and problem solving, very little of the empirical literature on teachers' knowledge
focuses on this issue. Greene's (1990) study of students' understanding of natural selection is a
good example of research on teachers' reasoning, and Bennett and Carre's (1993) study of the
effectiveness of teacher education uses teachers' reasoning about practical problems as outcome
measures for teacher education. One reason that studies of teachers' problem-solving and
reasoning abilities might be rare is that such problems are time consuming to use and difficult to
score, just as they are when used in K-12 classrooms. And the results are equally difficult to
interpret.

Pedagogical Content Knowledge

The phrase pedagogical content knowledge was introduced by Shulman (1986, 1987) to refer to
the ability to represent important ideas in a way that makes them understandable to students. It is
pertinent to reformers because, as Shulman intended the term, pedagogical content knowledge
was what enabled teachers to translate complex or difficult ideas into concepts that students, as
novices, could grasp. Shulman was interested in the use of metaphors and other devices to
explain, illustrate, or illuminate important substantive ideas. Pedagogical content knowledge
depends heavily on conceptual understanding, of course, for a good metaphor is one that captures
the essence of the original idea. For instance, in one of Richard Feynman's lectures on physics,
he gives a sense for the size of an atom by saying, "If an apple is magnified to the size of the
earth, then the atoms in the apple are approximately the size of the original apple" (Feynman,
1963/1995, p. 5). This metaphor gives novice students an immediate sense for the size of atoms
and the number of them that must, therefore, be present in an object such as an apple. The ability
to generate such metaphors is, for Shulman, at the heart of pedagogical content knowledge. And
it is, presumably, important for any teacher who aims to teach important ideas rather than lists of
facts and procedures.
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As Shulman uses the term, pedagogical content knowledge is clearly different from the kind of
recitational knowledge that is often assumed to dominate contemporary American education.
College students might be able to recite knowledge of atoms, for instance, by noting that atoms
are typically 1 or 2 angstroms in radius, and that an angstrom is equal to 10 cm. Being able to
recite such facts can yield a high test score, a high grade point average, and a strong diploma.
But being able to recite such facts does not assure that the student (a soon-to-be-teacher) could
explain to younger students how big an atom isto explain it in a way that could be understood
by, say, high school students. Because high school students are novices to virtually all of the
terms in the recitation, they need help grasping the meaning of the sentence. They are not
familiar with atoms, with angstroms, or even with centimeters. They may not be comfortable
with the notation of 10-8. Assuring that college students can recite such sentences, therefore, does
not assure that they can explain the meaning of the sentence to younger students who are novices
in science. To help novices understand complex ideas, teachers need to be able to provide
metaphors such as Feynman's apple metaphor.

Shulman has also argued that pedagogical content knowledge also differs from ordinary
conceptual understanding in that one's choice of metaphors depends not only on the correctness
of the metaphor but also its comprehensibility to the particular audience. That is, pedagogically
good metaphors are those that both capture the essence of the idea and are within the realm of
understanding of the students at hand. Using the solar system as a metaphor for the structure of
an atom might not work with kindergartners, for instance, because their knowledge of the solar
system may not be accurate. Knowing which metaphors and analogies will help students learn,
then, requires both strong conceptual understanding of the ideas in the discipline and knowledge
of studentswhat they currently think about the subject, what misconceptions they have, and
what knowledge they lack.

Another way in which pedagogical content knowledge may differ from conceptual understanding
is that pedagogical content knowledge must be explicit rather than intuitive. Just as I may know
the way to the grocery store, but be unable to give you directions, it is possible for someone who
works in a given field to have deep and detailed knowledge of that field and yet have difficulty
outlining the major domains in the field for others. Similarly, even if a teacher has a good grasp
of the nuances of a subject and can solve problems and reason abstractly about issues within that
field, that teacher might not be able to help students understand these issues unless his or her
own knowledge is explicit (Wilson, Shulman, & Richert, 1987). Having explicit knowledge is
important in part because it enables better explanations, but also because it better enables
teachers to decide what is most important to teach, what should be taught now rather than later,
or what kind of problems could be posed to students that would most likely facilitate their
understanding of some particular ideas. To help you find your way to the grocery store, I not
only need to know the way, but I need to know how to outline it for you, to identify important
landmarks along the way, to predict places where you are likely to become confused or
disoriented, and so forth. To make these numerous teaching decisions, I need to be explicitly
aware of how my knowledge is organized and be aware of the details that you are likely not to
know.

Researchers at the National Center for Research on Teacher Learning have examined teachers'
and teacher candidates' representations of certain mathematical ideas and have found that the
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ability to generate representations is, indeed, quite different from recitational knowledge. In one
problem (Kennedy et al., 1993), for instance, teacher candidates were asked the following:

Imagine that you are teaching in a fifth-grade classroom and you are
teaching your students division with fractions. You want to create a story
problem to illustrate the following mathematical problem:

Virtually all teacher candidates had recitational knowledge of this type of problem. They knew
the rule of "invert and multiply," and could readily apply that rule and find a correct answer to
the problem. However, few could generate a story problem that correctly represented the
problem. A typical story problem might look like this: "My roommate and I have 13/4 pizza to
share. How much can each of us have?" Their story problems usually illustrated a situation in
which 13/4 was being divided by 2, rather than by 1/2 (Ball, 1990a).

The notion that there might exist a special type of knowledge called pedagogical content
knowledge is relatively new, and only a few articles have.directly addressed it. Ball (1990a,
1990b, 1991), building on the research of the National Center for Research on Teacher Learning,
has written extensively about the pedagogical content knowledge needed to teach elementary
school mathematics, as has Leinhardt (e.g., Leinhardt & Smith, 1985). Approaches to
documenting pedagogical content knowledge include asking teachers to pose story problems
(Silver & Burkett, 1994), asking them to write out lesson plans (Sherman, 1990), and asking
them to generate analogies to explain ideas (Wong, 1993).

Beliefs About the Nature of Disciplinary Work

Because reformers want students to reason about mathematical and scientific ideas and to learn
to evaluate arguments and evidence, many authors have suggested that teachers must understand
that these activities are part of the work of the disciplines. This view has led to a considerable
interest in teachers' beliefs about the nature of disciplines they might teach. Many commentators
on teaching have discussed the need for teachers to understand the nature of the subject itself
how knowledge is generated, tested, argued about, and justified; what is taken for granted, what
makes something anomalous, what makes something important, how deviations from
expectations are treated, and so forth. Collins and Pinch (1993), for instance, want all adults
not just teachersto understand that science, on one hand, is rigorous, but that, on the other
hand, it often proceeds in an awkward, stumbling manner. They describe several examples of
scientific controversies and argue that these controversies occurred precisely because no one yet
knew the right answer. Whether the findings from a scientific study are due to something
anomalous in the research procedures or due to the hypothesized phenomenon is not known at
the time of the dispute. These authors suggest that K-12 students could quickly experience this
process if they were to each estimate the boiling point for water by boiling water. Students would
likely get many different boiling points and would then have to argue among themselves to
figure out why their solutions differed and which solution was right.
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Most references to "classroom discourse" in the standards literature reflect the view that, if
students learn only through lectures, even if the lectures were as clear and compelling as
Feynman's, they might erroneously perceive science as a subject that is finished and undisputed
rather than in process and contentious. If so, then the lecture itself misrepresents the subject
matter, for it can't convey the struggles scientists have gone through trying to reveal all these
things. Similarly, Copes (1996) has pointed out that mathematicians do not spend their days
solving repetitive computational problems, though many students might think so, given the
mathematics they do in school. Finally, Ball (1991) has suggested that an important reason for
classroom discussion and argumentation is that, if students reason through mathematical
quandaries themselves, they become validators of their own knowledge. That is, they do not have
to accept scientific and mathematical ideas as received truths, but can reason about them for
themselves. This is an important outcome for students, for it helps them recognize that there are
standards for knowledge claims and that they themselves are capable of evaluating knowledge.

So Shulman's original concern about how particular substantive ideas are represented to students
has extended into a broader concern for how the character of the subject as a whole is
represented to students. If we want students to understand that mathematical and scientific ideas
did not spring forth in perfect form, but instead had to be sorted out, developed, and justified,
students need to understand how such knowledge is created. Through their pedagogy, then,
teachers are representing the character of the subject, just as they represent its ideas through their
sentences. And that, in turn, means that they themselves need to understand the nature of
mathematical and scientific knowledge. In fact, several studies have indicated that teaching
practices are indeed influenced by teachers' beliefs about the nature of the subject (Brickhouse,
1990; Smith & Neale, 1991; Stodolsky, 1988; Stodolsky & Grossman, 1995; Thompson, 1984).

Attitude Toward Science and Mathematics

Closely associated with beliefs about the nature of the subject are teachers' attitudes toward it.
When Herbert Clemens (1991) was asked to write about what teachers needed to know to teach
mathematics, he responded by writing about what mathematics teachers needed to be. Even if
teachers had an acceptable understanding of the nature of knowledge in science or mathematics,
we might still not be satisfied unless they demonstrated a certain respectful attitude toward the
work. For instance, we would probably not be satisfied with a high school physics/astronomy
teacher who seemed to understand how knowledge is generated and justified in his field, but who
also attended to his horoscope every day.'Nor would we be satisfied with a biology teacher who
understood the arguments and evidence involved in, say, the National Academy of Sciences'
(1984) discussion of evolution, but who, outside of the classroom, subscribed to a creationist
view of the origin of the species. Even if the astrologist and the creationist claimed to understand
the way knowledge was generated and tested in their respective subjects, their failure to value
these norms and to extend them to their own lives might make us worry about their ability to
convey to students an appropriate attitude toward these subjects.

Interestingly, the literature on attitudes toward mathematics and science tends to focus less on
teachers' respect for the quality of knowledge in these subjects and more on their positive or
negative regard for it. More and more, scholars have found strong fears among mathematics
students, a phenomenon now labeled mathematics anxiety. Similarly, students may perceive
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science as impersonal, alienating, and irrelevant to "real" life. These negativeand occasionally
even hostileattitudes would not be desirable in teachers who taught these subjects.

Summary

Reform commentaries include numerous ideas about the qualities of knowledge, beliefs, and
attitudes that teachers need in order to teach mathematics and science in the way reformers want
these subjects taught. These qualities include a sense of size and proportion, an understanding of
the central ideas in the discipline, an understanding of how these ideas are related to one another,
knowledge of a variety of details that accompany these big ideas, an ability to reason, analyze,
and solve problems within the discipline, an ability to generate metaphors and other
representations of these ideas, an understanding of the nature of work in the disciplines, and an
attitude of respect for the processes by which knowledge is generated through these disciplines.

The ideas that underlie the reform movement are important. They are carefully reasoned; they
take into account close examinations of the disciplines; and they thoughtfully consider students'
needs and society's needs for an educated citizenry. Yet if each of these qualities of knowledge,
belief and attitude is considered to be a desired outcome for college-level mathematics and
science teaching, the sheer variety of potential outcomes would make evaluation of college-level
programs both difficult and expensive. Moreover, the devices used to measure these different
outcomes are various, and there seems to be no agreement in the field about the best ways to
capture these different kinds of understandings and beliefs.

But these qualities of knowledge are rarely derived from empirical examinations of teaching and
learning. Much of the literature reviewed here was based on stipulations about the qualities of
knowledge that seem important to the kind of teaching that is desired. Now that such a body of
thought is available, we are responsible for vigorously pursuing empirical studies of these ideas.
In my review of the arguments for what teachers need to know or be able to do, I have tried also
to indicate the availability of empirical work.
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